Spatio-temporal variations of sulfur dioxide concentrations in industrial and urban area via a new statistical approach by Landim, A. A. et al.
1 
 
Spatio-temporal variations of sulphur dioxide concentrations in industrial 1 
and urban area via a new statistical approach 2 
Landim A.A.1; Teixeira, E.C.2,3, 1; Agudelo-Castañeda, D.4; Schneider, I..5;Luis F.O. Silva5; Wiegand, F.2, 3 
Prashant Kumar6 4 
 5 
1 Environmental and Sanitary Engineering, Universidade Federal de Santa Maria, Linha Sete de 6 
Setembro, s/n - BR 386, km 40, Fredericos Westphalen – RS, Brazil. 7 
2 Research Department, Fundação Estadual de Proteção Ambiental Henrique Luís Roessler, Av. Borges 8 
de Medeiros, 261, Porto Alegre, RS, 90020–021, Brazil. 9 
3 Postgraduate Program in Remote Sensing and Meteorology, Geosciences Institute, Universidade Federal 10 
do Rio Grande do Sul, Av. Bento Gonçalves, 9500, Porto Alegre, RS, 91501–970, Brazil 11 
4 Department of Civil and Environmental Engineering, Universidad del Norte, Km 5 – Vía Puerto, 12 
Barranquilla, Atlántico, 081007, Colombia 13 
5 Civil and Environmental Department, Universidad De La Costa. Calle 58 #55–66, Barranquilla, 14 
Atlántico, 080002, Colombia. 15 
6 Global Centre for Clean Air Research (GCARE), Department of Civil and Environmental Engineering, 16 
Faculty of Engineering and Physical Sciences, University of Surrey, Guildford GU2 7XH, United 17 
Kingdom 18 
 19 
 20 
Abstract 21 
Sulphur dioxide (SO2) is considered the most widespread pollutant that threatens environmental and 22 
human health. The purpose of this study is to propose a new method for evaluating the spatial variation of 23 
SO2 levels in the Metropolitan Area of Porto Alegre (MAPA). This method included use of chi-square 24 
test to better identify the origin of SO2 sources. Additionally, results of the different methods applied 25 
allowed to analyze the temporal SO2 levels and their association with meteorological parameters. SO2 at 26 
five sampling sites (Esteio, Canoas, Charqueadas, Triunfo and Gravataí) were measured during 2010-27 
2015; using fluorescence SO2 automated analyzers. Results showed that Charqueadas had the highest 28 
average concentration (~15 μg m-3), followed by Triunfo (13 μg m-3), Esteio (6 μg m-3) Canoas (3 μg m-3) 29 
and Gravataí (2 μg m-3). Chi-square test applied to SO2 and wind direction quadrants showed significant 30 
contribution of local emission sources. Seasonal variation revealed higher SO2 levels on cold days for 31 
most of the studied sites, except for Esteio site. Day-wise variations revealed higher SO2 concentration on 32 
weekdays than weekends for Esteio and Canoas sites, indicating traffic influence especially during the 33 
rush-hours. Annual averages analysis identified an increasing trend in SO2 concentrations, implying that 34 
applied emission control systems and technological improvement of engines and fuels were not sufficient 35 
and thus points out a need for better subsidies mechanisms to pollutant control and effective emission 36 
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reduction strategies that decision makers, including environmental agencies, must make priority by 37 
considering the local realities. 38 
 39 
Keywords: Sulphur dioxide; air pollution; Weekend effect; statistical analysis 40 
 41 
Introduction 42 
Sulphur dioxide (SO2) is considered the most widespread pollution that threatens the environment and 43 
human health, can contribute to an increase in the number of cases of cardiovascular and respiratory 44 
diseases (Yang et al. 2009). SO2 is usually present with other pollutants in urban areas, resulting from 45 
industrial plants emissions and automobile exhaust gases (Afif et al. 2008; Djordjevic et al. 2013). In 46 
particular, sulphate aerosols are an important component of fine particles suspended in the urban that 47 
have a longer residence time in the atmosphere (Jenner and Abiodun 2013). In addition, SO2 has an 48 
important role in the formation of acid species and sulfate aerosols, which may lead to enhanced ice 49 
nuclei formation (Francis et al. 2016), initiating a dehydration-greenhouse feedback that could accelerate 50 
warming in the Arctic (Fisher et al. 2011).  Consequently, secondary aerosols formed from SO2 and other 51 
precursor species may be the cause for the lack of success in reducing concentrations of fine particles (Lin 52 
et al. 2010; Zhao et al. 2013).  Also, SO2 is the pollutant that most closely tracks development in an 53 
industrializing and urbanizing economy, recognized as a primary combustion product of fossil fuels such 54 
as coal, fuel oil, gasoline, and diesel (Yang et al. 2017). Drastic environmental measures were 55 
implemented in recent years to reduce SO2 emissions, especially, from major industrial sources. However, 56 
it has not shown significant decreases in some countries due to the burning of a large amount of fossil fuel 57 
combustion that has resulted in significant emissions of SO2 (Meng et al. 2010), with their corresponding 58 
direct impact on the population. These impacts occur in places with stationary sources, high vehicular 59 
traffic; especially in urban areas, such as the Metropolitan Area of Porto Alegre (MAPA) region. 60 
Although vehicles have shown to be the main contributors to SO2 emissions, stationary sources located in 61 
the MAPA region, oil refinery, steel mill and coal-fired power plants are probably related to SO2 62 
emissions levels. Traditional methods, such as dispersion or receptor models, present great difficulties in 63 
their application, principally due to the large number of variables required in their execution. These 64 
difficulties can be overcomed through the chi-square statistical test. This test is designed to analyze group 65 
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differences when dependent variables are measured at a nominal level. As a non-parametric test, can be 66 
applied to data that constitutes a free distribution (non-Gaussian), characteristic of seasonal data thus 67 
allowing a robust and reliable analysis. Because it is a widely known and easy-to-apply test, it is an 68 
alternative to complex mathematical models. Consequently, we analyzed the impact of SO2, using real 69 
data of this pollutant, aiming to propose a new approach to evaluate the spatial variation of SO2 levels in 70 
the MAPA region and identify SO2 sources, using different statistical techniques, including Chi-square. 71 
Accordingly, we addressed the following research questions: (i) what are the spatial, seasonal and 72 
temporal variations of SO2?; (ii) how meteorological variables influence SO2 ambient levels?; and (iii) 73 
which variables explain better the SO2 levels and trends? This study presents a comprehensive evaluation 74 
to discern temporal and spatial factors of SO2 concentrations in different cities of the MAPA region. 75 
Results could provide new insights for assessing whether the expansion of SO2-emitting activities 76 
(industry and vehicles) resulted in increased concentrations of this pollutant in the atmosphere of this 77 
region although the existing air pollutant mitigation policies in order to provide insight in the 78 
development of appropriate regulatory tools for urban air quality. 79 
 80 
Study Area 81 
The area selected for this study was the MAPA region, which is located at 29° 30'S - 30° 30'S / 50° 25'W 82 
- 51° 55'W, in the eastern part of Rio Grande do Sul State of Brazil containing a total area of 9,800 km ².  83 
MAPA is the most populous region of Rio Grande do Sul State (RS) that concentrates the largest number 84 
of vehicles in circulation in gasoline and especially diesel. The program created in Brazil, PROCONVE 85 
(National Program for Air Pollution Control by Automotive Vehicles), has encouraged the technological 86 
improvement of engines and fuels, especially diesel oil to reduce emissions of pollutants emitted by 87 
mobile sources, among them SO2 (Kumar et al. 2016; Andrade et al. 2017; Pacheco et al. 2017). In 2002, 88 
the maximum concentrations sulphur diesel content in the main Metropolitan Regions were lowered up to 89 
0.2%, while in the metropolitan region of São Paulo dropped to only 0.1% (Andrade et al. 2012). In the 90 
State of Rio Grande do Sul, the fleet of diesel vehicles increased more than 45% between 2007 and 2017 91 
(DETRAN 2018). In the same way, the industry has experienced growth, at the end of the 90's the 92 
REFAP Oil Refinery processed daily ~20000 m3 of oil, whereas that production increased in 2006 up to 93 
30 000 m3 day-1, and in 2010 to 32 000 m3 day-1 (REFAP 2018). In addition, the thermoelectric power 94 
plants in the region experienced an increase in production between 2008 and 2015 due to the warming of 95 
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the Brazilian economy. These activities in the study area might quicken SO2 concentration in the 96 
atmosphere (Teixeira, et al., 2011), even though with the restrictions on the installation of new potential 97 
polluting, industries and the reduction of sulphur content in diesel fuel. MAPA region concentrates 98 
diverse sources that may lead to the high levels of SO2 and ultrafine particles (UFP) concentrations in 99 
different atmospheric conditions (de Miranda et al. 2012).  100 
The study area experiences well-defined seasons and climate that is strongly influenced by cold air 101 
masses migrating from the polar regions (Agudelo-Castañeda et al. 2013), located in a subtropical, 102 
temperate climate with four seasons: summer (January and March), autumn (April and June), winter (July 103 
and September) and spring (October and December). Meteorological conditions were reported by other 104 
studies (Teixeira et al. 2012; Agudelo–Castaneda et al. 2014). Due to its geographical characterization, 105 
the MAPA region is influenced by well-defined mesoscale circulations: sea/land breeze (east-west 106 
direction), due to its proximity to the Atlantic Ocean; valley-mountain breeze (south-north direction), due 107 
to the proximity to Serra Geral; and lake-land breeze (south-north direction), due to the proximity of Dos 108 
Patos Lagoon. In relation to synoptic circulations, the northeast wind can be considered, due to the 109 
presence of the semi-permanent anticyclone of the South Atlantic in association with centers of low 110 
pressures in the interior of Argentina and Paraguay; and the west/southwest winds, due to the formation 111 
of extratropical cyclones over the State of Rio Grande do Sul and Uruguay, mainly from April to August. 112 
Considering all these influences, the wind direction shows marked seasonal variations. During summer 113 
and spring, the prevailing direction is east-southeast (E-SE) as opposed to west (W) in fall and northwest 114 
(NW) in winter. 115 
MAPA region is characterized by different types of industries that influence air quality (FEPAM, 2003), 116 
including several fixed sources, such as the Alberto Pasqualini (REFAP) oil refinery, Siderurgicas 117 
Riograndense (Gerdau SR) and Aços Finos Piratini (Gerdau AFP), the III Petrochemical Industrial 118 
Complex (Pole) and two thermoelectric plants, the Thermoelectric Plant of Charqueadas 119 
(TERMOCHAR) and the Thermoelectric Plant of São Jerônimo (TERMOSJ). In addition to the fixed 120 
sources installed there is a large contribution of emissions from an estimated vehicle fleet of 1.8 million 121 
vehicles circulating in the region, with 37% of the total of vehicles in the state (DETRAN 2013). Figure 1 122 
shows the map of the location of the sampling sites in the MAPA region, the weather station sites, major 123 
potentially stationary sources of SO2, main roads and highways, and urban concentration areas. 124 
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 125 
Figure 1  Locations of sampling sites, weather station sites, major potentially stationary sources of SO2, main roads and 126 
highways, and urban concentration areas. 127 
 128 
Material and methods 129 
SO2 and meteorological data acquisition 130 
Sampling sites for this study were Gravataí (29°55'26”S / 50°59'15”W), Esteio (29°51' 33.5”S / 131 
51°10’45.17”W), Canoas (29°52'59.83"S / 51°8'41.44"W), Charqueadas (29°57'15,30”S / 132 
51°37'15,30”W), and Triunfo (29°56'27”S / 51°41'34”W). These sites are impacted by SO2 emissions 133 
from industrial and vehicular sources. Atmospheric SO2 was measured using automatic sequential 134 
analyzers with the technique of ultraviolet fluorescence radiation. The analyzers AF21M model of 135 
Environnement S.A and AF22M model of Environnement S.A. were used in the stations of the MAPA 136 
region: Gravataí, Esteio and Canoas. APSA-370 model SO2 analyzers of HORIBA Process & 137 
Environmental were used in the stations Charqueadas and Triunfo. SO2 was measured continuously at an 138 
average of the 15-min interval, in local time (UTC-2 in summer and UTC-3 in winter), between 2010 and 139 
2015. Table 1. Sampling period for each siteTable 1 describes the period of SO2 data collection 140 
at each sampling site. 141 
Table 1. Sampling period for each site 142 
Site Start Date End Date 
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Gravataí 17/09/2010 31/12/2015 
Esteio 01/01/2010 31/12/2015 
Canoas 01/01/2010 05/01/2015 
Charqueadas 15/08/2011 31/12/2015 
Triunfo 15/08/2011 31/12/2015 
 143 
 144 
Figure 2. Satellite images (©Google Earth) of the 5 sampling sites location: Gravataí; Canoas; Esteio; 145 
Charqueadas; Triunfo 146 
 147 
Sampling sites 148 
Sampling sites in the study area were chosen because of their vehicular and industrial influence, although 149 
there are some differences among the sites. The characteristics of each sampling site are described below: 150 
Gravataí site is the most eastern site, upstream of the prevailing wind of the MAPA region (Figure 2). The 151 
main industrial contributions are stationary sources: the automobile production company - General 152 
Motors - (6.5 km to the E-SE) and the manufacture of tires company - Pirelli (2.5 km to the SE). 153 
Although the near industries, this site is less affected by major urban centers, highways or industries. It is 154 
considered a background station.  Esteio and Canoas (Figure 2) sites are located in the center of the urban 155 
area of the MAPA region, next to the REFAP oil refinery and Gerdau-SR steel mill, besides receiving the 156 
influence of BR-116 highway, upstream and downstream of the local emissions sources. Therefore, this 157 
sampling site is expected to be influenced more by traffic emissions. Charqueadas and Triunfo (Figure 2) 158 
sites are located in small towns, receiving little influence of highways. These sites were chosen due to 159 
their proximity to industrial emission sources (upstream and downstream): Tractebel and CGTE power 160 
plants, including Gerdau AFP steelworks. The first two uses coal and the latter fuel oil. It is important to 161 
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highlight, that Charqueadas and Triunfo sites are located in the western part of the MAPA region, 162 
downstream of the prevailing wind. Despite the far distance from some stationary sources and densely 163 
populated urban areas, the pollution plumes may still be influencing these sites. 164 
 165 
Meteorological data 166 
Meteorological variables such as ambient temperature (°C), relative humidity (%), wind direction (°), 167 
atmospheric pressure (hPa), wind speed (m s-1), wind direction (°) and solar radiation (W m-2), were 168 
measured simultaneously. Three weather stations were used, according to the representative criteria: 169 
Canoas Air Base (CAB), 8º Meteorological District (DISME) and Jacuí stations. Figure 1 illustrates the 170 
relative location of the weather stations and the sampling sites. Canoas Air Base (CAB) station is an 171 
official station of the Ministry of Defense of Brazil, located in Canoas City. 8th DISME (Meteorological 172 
District) weather station is an official station of the Ministry of Agriculture, located in Porto Alegre city. 173 
Jacuí weather station, located in Charqueadas city, was installed and operated by Tractebel. Because of 174 
the location of weather stations and its proximity to the sampling points, data were used as follows: CAB 175 
station data were used to study the plume dispersion of Esteio and Canoas sites, because it is located less 176 
than 10 km from them, being quite representative for the area of these sites. 8th DISME (Meteorological 177 
District) data were used to study the dispersion of the Gravataí site, despite being 20 km away (Canoas 178 
Air Base station is only 15 km away). Jacuí weather station data were used to study the dispersion of 179 
Charqueadas and Triunfo sites, being the nearest weather station, 5 km and 12 km, respectively. 180 
 181 
Statistical Analysis 182 
Mean SO2 hourly concentrations were obtained by applying arithmetic mean in collected 15-min data of 183 
Esteio, Canoas, Gravataí, Charqueadas and Triunfo, during the sampling period (Table 1). Only days with 184 
at least 75% SO2 data were considered for the study, i.e. for the validation of daily and monthly data was 185 
made at least hourly average data of 18 hours. Statistical software SPSS® for Windows v.23 was applied 186 
to the data using the Kolmogorov-Smirnov (K-S) tests to verify normality. 187 
Theoretical procedures to verify adjustment were performed, known as adhesion tests, such as Chi-square 188 
Test and the Kolmogorov-Smirnov Test (Ang and Tang, 1975). The normal distributions for the grouped 189 
data and for the warm and cold period were evaluated.  Meteorological variables were correlated with 190 
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SO2 concentrations. Kruskal-Wallis test was applied for assessing the difference in weekdays vs 191 
weekends, and SO2 concentration for warm versus cold periods. Test analysis revealed significance level 192 
with 95% of precision. Principal component analysis (PCA) was applied on the dataset composed by SO2 193 
concentration, ambient temperature, relative humidity, solar radiation, ambient pressure, wind velocity 194 
and direction in order to find the potential emission sources, also for a better interpretation and evaluation 195 
of the interrelationships among the data set studied (Agudelo-Castañeda et al. 2016). Chi-Square Test 196 
results, applied to wind direction and SO2 concentration, verified the significance and informed the 197 
degree of association between these variables. 198 
 199 
Results and discussion 200 
Average SO2 concentrations 201 
Figure 3 shows the annual average concentrations calculated using hourly means for all sites. Moreover, 202 
an average concentration for the study area, including all sites, was calculated for each year. Few 203 
stationary sources of SO2 have significant emissions and are sufficiently near Porto Alegre to directly 204 
affect the city: the largest is an industrial area including two coal power plants (TRACTEBEL and 205 
CGTE) and a steelworks that uses fuel oil (GERDAU) (Fig. 2). Other significant SO2 sources are as 206 
follows: an oil refinery (REFAP), a steel mill (GERDAU) and the BR-116 highway. Results indicate that 207 
Charqueadas had the highest average concentration (14.9 μg m-3), followed by Triunfo (13.4 μg m-3), 208 
Esteio (6.0 μg m-3) Canoas (2.4 μg m-3) and Gravataí (1.5 μg m-3). First, may be observed that Gravataí 209 
site, due to its location, may be stated as a background site. This site is located upstream of the prevailing 210 
wind, thus receiving a negligible anthropogenic load from local sources. Interestingly, the steady low 211 
concentrations in Gravataí site may indicate the average background concentrations of the MAPA region, 212 
showing almost no change during the study period. Closer inspection of Figure 3 shows that Esteio and 213 
Canoas had the lowest SO2 levels, after Gravatai (background site), with a slight decrease, even though 214 
vehicle fleet increased in the last years (Agudelo-Castañeda et al. 2016, 2017). As explained before, the 215 
PROCONVE stimulated technological engine improvement and fuel innovation, including diesel sulphur 216 
reduction, leading to significant reductions in atmospheric sulphur dioxide (SO2) concentration (Kumar et 217 
al. 2016; DETRAN 2018). Esteio and Canoas sites had slightly higher concentrations. These sites are near 218 
the BR-116 highway, probably reflecting the influence of mobile sources. Additionally, as can be seen 219 
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from Figure 3, Charqueadas and Triunfo reported the highest average SO2 concentration. This result is 220 
expected because the predominant wind in the MAPA region is E and SE, thus the sites Charqueadas and 221 
Triunfo may be influenced by the local pollution sources and the plume dispersion originated in the most 222 
urbanized and industrialized region of the MAPA. As will be explained later, a chi-square correlation 223 
between quadrants and SO2 was applied. In general, may be observed that the MAPA region average 224 
concentration increased, probably due to the rising average concentrations in Charqueadas and Triunfo 225 
sites since 2013.  226 
0,0
5,0
10,0
15,0
20,0
25,0
2010 2011 2012 2013 2014 2015
µ
g
 m
- ³
Year
Gravataí Esteio Canoas Charqueadas Triunfo Regional Average
 227 
Figure 3. Annual average SO2 concentrations at the 5 sampling sites and the study area assessed from 228 
2010 to 2015. 229 
 230 
Figure 4 shows the wind rose for Canoas, Porto Alegre and Jacuí weather stations. It can be observed that 231 
the prevailing wind direction for Canoas CAB weather station was SE with a higher wind speed incidence 232 
for 2 to 10 m s-1. The 8th DISME station wind rose was dominated by E and SE winds, showing slightly 233 
weaker wind velocities (0.5 to 2 m s-1). The wind direction at the Jacuí weather station was predominantly 234 
SE and S, with wind velocities values similar to the Canoas CAB station. 235 
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a) CAB (used for Esteio and Canoas sites) b) 8th DISME (used for Gravataí site) 
 
 
d) Jacuí (used for Charqueadas and Triunfo sites)  
* See Figure 1 for the location of the weather stations. 236 
Figure 4. Windrose for the weather stations: a) – Canoas (CAB); b) 8th DISME; and c) Jacuí. 237 
 238 
Seasonal and weekly variation 239 
Figure 5 shows the daily evolution of the hourly average variation for SO2 concentration for warm/cold 240 
months and weekend/weekday days for the sampling sites. Gravataí presented low concentrations and 241 
small variability in the hourly average in both seasonal and weekly analysis. Average records were mostly 242 
close to the detection limit of the equipment used in the measurements. As expected, this site reflected 243 
their low influence of urban, industrial and traffic sources. For Esteio, the seasonal hourly average of SO2 244 
showed higher concentrations during the warm months, mainly between 15:00 and 23:00. This pattern 245 
may be due to their proximity to high emission stationary sources downstream of the prevailing wind 246 
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(REFAP Oil Refinery). On warm days may be sufficient mixing forces in the first layers of the 247 
atmosphere causing the rupture of the mixture layer and generating greater vertical transport of the 248 
pollutants. Higher wind velocities, high boundary layer and water vapor associated with the presence of 249 
SO2 may lead to the photo-oxidation of SO2 in sulphuric acid, and its subsequent binary nucleation and 250 
the formation of sulphuric acid nanoparticles (Morawska et al. 2008). These authors reported that during 251 
nucleation events, higher levels of SO2 may be related to traffic sources as well as to emissions from the 252 
industry. Canoas showed higher records during the cold months, mainly between 10:00 and 17:00. 253 
Probably, due to the increased occurrence of NW and W winds during the cold months, which would be 254 
responsible for the mobiles sources plume dispersion coming from the BR-116 highway over the 255 
sampling site, beyond the emissions of the REFAP Oil refinery (Henschel et al. 2013). Charqueadas 256 
showed similar values between winter and summer, indicating that the main local sources emit SO2 257 
continuously and evenly throughout the year. Interestingly, Triunfo showed similar results to 258 
Charqueadas. For this site, SO2 hourly concentrations were higher in mornings in the warm months 259 
compared to the cold months, but the peak occurred later (10:00 to 12:00 h). A similar situation happened 260 
in winter with peak concentrations occurring with a one-hour delay (13:00 to 19:00 h). This delay may be 261 
explained by the influence of their location, north of the Jacuí River. This river has an average width of 262 
700 meters at this point, moreover, the prevailing wind blows from the river to the site and in this way, 263 
the site is influenced by stable atmospheric boundary layer all year-round.  264 
In order to confirm these results, mean winter/summer ratios were calculated. Mean winter/summer SO2 265 
ratio for Esteio was 0.73 pointing out the smallest value among all studied sites. SO2 ratios were 266 
significantly higher for Canoas (ratio = 2.0) and Gravatai (ratio = 1.64), indicating the prevailing of 267 
higher levels in cold days. Power plants in the western side of the MAPA region might have contributed 268 
to similar SO2 ratios for Charqueadas and Triunfo sites (ratio ≈ 1.0), with peaks in the morning between 269 
8:00-11:00 and 10:00-12:00, respectively, that indicated a higher concentration in warmer days for these 270 
periods. There are two other likely causes for the differences between winter and summer SO2 271 
concentrations: the hydroxil radical (OH) and the oxidation process of almost all sulphur compounds. In 272 
general, lower SO2 amounts are observed in summer (due to high OH productivity) compared to high 273 
amounts in winter (less OH productivity). Therefore, OH is the key parameter which determines the 274 
lifetime and seasonal cycle in the SO2 concentrations in addition to some other minor and local 275 
phenomena (Khattak et al. 2014).  276 
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 277 
 
Figure 5. Hourly average variation for SO2 concentration for warm/cold months and weekend/weekday 278 
days for the sampling sites: a) Gravataí; b) Esteio; c) Canoas; d) Charqueadas; e) Triunfo. 279 
 280 
Additionally, hourly SO2 averages were studied for weekends (Saturday and Sunday) and weekdays 281 
(Monday to Friday). As explained before, no notable differences may be observed in Figure 5 for 282 
Gravataí site, which reinforces its background character. In contrast, Esteio considerable differences 283 
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between weekdays and weekend were observed (Figure 5). Weekdays concentrations were higher, 284 
principally near midday and early evening. Canoas showed higher hourly SO2 averages in weekdays than 285 
weekends, especially in the morning, except between 11:00 -13:00 h. In weekends the concentrations 286 
were lower, probably due to the decrease of the traffic in these days. Charqueadas and Triunfo showed 287 
slight differences between weekend and weekdays (Figures 5d and 5e), which confirms their few 288 
influence from urban or vehicular sources.  289 
 290 
Table 2. Kruskal-Wallis test applied to analyze differences in SO2 levels between weekdays -weekend 291 
and warm-cold for studied sites 292 
  
  
 
weekdays – weekend                  warm-cold  
  H-value p-value     H-value p-value   
 
Gravataí 25,98 3,45E-07 
  
227,56 2,03E-51 
 
 
Esteio 78,68 7,31E-19 
  
106,12 6,96E-25 
 
 
Canoas 363 6,46E-81 
  
505,27 6,77E-112 
 
 
Charqueadas 1,03 3,10E-01 
  
50,16 1,42E-12 
   Triunfo 0,07 7,88E-01     4,68 3,05E-02   
 
aKruskal-Wallis Test is equivalent to the Mann-Whitney-U test if there are only two groups 
to compare. 
  293 
Furthermore, Kruskal-Wallis test applied to analyze differences in SO2 levels between weekdays-294 
weekend and warm-cold for studied sites confirmed these results (Table 2). Differences between SO2 295 
concentrations during weekends/weekdays can be attributed to traffic emissions rush hour, because the 296 
highway is located near the stations for Esteio and Canoas (Teixeira et al. 2013; Agudelo–Castaneda et al. 297 
2014). These results are consistent with the wind rose presented by several authors (Morawska et al. 298 
2008; Chen et al. 2010; Henschel et al. 2013) and their link with traffic emissions originating from 299 
highways located near the sampling station (Pasquier and André 2017). In addition, SO2 originated from 300 
industrial and commercial activities is more emitted on weekdays, as observed in Esteio (Alizadeh-301 
Choobari et al. 2016).  For the Charqueadas and Triunfo sites, the Kruskal-Wallis test showed low 302 
variations for warm/cold periods.  303 
 304 
Correlations between meteorological conditions and SO2 305 
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Meteorological conditions, especially wind direction and speed, temperature, humidity, and atmospheric 306 
pressure, had a significant influence on dispersion and dilution of air pollutants for SO2. Consequently, 307 
Spearman correlation between concentrations of SO2 and meteorological variables was done (Table 3). 308 
Correlation of SO2 concentration with wind velocity was negative and significant for Canoas, 309 
Charqueadas and Triunfo, thus evidencing that SO2 concentrations were higher with the reduction of wind 310 
velocities, not favoring the dispersion and leading accumulation of the pollutant, within this area. On the 311 
contrary, Gravataí and Esteio showed positive correlations of SO2 concentration with wind velocity. This 312 
situation shows that high wind speed is needed to transport the pollutants from the emission source to the 313 
sampling site. Moreover, correlation with wind direction was obtained for all sites, except Gravataí (a 314 
background station).  315 
SO2 concentration showed negative correlation with temperature for Canoas station, explaining the 316 
highest SO2 concentrations obtained on colder days and their relationship with the higher occurrence of 317 
winds from NW and W during the cold days. Humidity and precipitation can also act on ambient SO2 and 318 
generate acid rain. These situations usually have shown that SO2 concentrations increased by high relative 319 
humidity (Luvsan et al. 2012). However, the correlation of SO2 the concentration with humidity was 320 
found to be negative for all studied stations. Akpin et al., (2008) reported an inverse relationship of 321 
relative humidity and pollutant concentrations, since SO2 controls their absorption rate. Relative humidity 322 
and precipitation can also act on air pollutants and form secondary pollutants, as acid rain. SO2 variation 323 
with relative humidity shows that SO2, depending on the site, can increase or decrease with increased 324 
humidity (Luvsan et al. 2012). In addition, less precipitation, lower temperature and boundary layer 325 
height, and weaker winds in winter may further exacerbate ambient pollution (Li et al. 2017). 326 
The problem with this analysis (Spearman correlation) is the difficulty to know the origin of SO2 327 
pollution, therefore a PCA and a Chi-square test was applied as a possible and new approach to analyze 328 
the origin.  329 
 330 
Table 3. Spearman correlation between concentrations of SO2 and meteorological variables. 331 
SO2 Ambient air 
Temperature 
Relative 
Humidity 
Solar 
Radiation 
Ambient 
Pressure 
Wind Velocity Wind 
Direction 
Gravataí .37** -.062** .062** -.109** .129** -.008 
Canoas -.029** -.128** .111** .025** -.96** .150** 
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Esteio .039** -.120** .105** .046** .059** -.071** 
Charqueadas .143** -.175** .167** .031** -.043** -.264** 
Triunfo .142** -.136** .072** -.098** -.080** -.133** 
 332 
Principle Component Analysis (PCA) 333 
Interpretation of the PCs is based on finding which variables are most strongly correlated with each 334 
component according to the PC value (Mouzourides et al. 2015). Three factors were obtained from the 335 
statistical analysis of meteorological parameters in relation to the pollutant SO2 for all studied sites (Table 336 
4). The Spearman correlation matrix was used as input in the PCA, and the chosen variables were those 337 
when a significant correlation was obtained. Based on this matrix, 3 new sets of synthetic variables were 338 
obtained (principal components). These sets resulted in 3 rotated factors associated with eigenvalues >1.0, 339 
synthesized after applying the Varimax rotation. Total variation explained by the 3 factors were 340 
approximately 70.0% for every site. Were considered loading of the PCs values greater than 0.5 as 341 
significant.  342 
The first principal component (PC1) correlates strongly with AT, RH, SR, RH and WV, therefore can be 343 
viewed as a measure of the meteorology. This pattern was observed for the 4 sites. In addition, this 344 
component showed a yield reduction of RH values (because of the negative sign). The second principal 345 
component (PC2) showed that AT was associated with AP, the first one with negative loading. The third 346 
principal component (PC3) exhibits association between SO2 values and WD for all sites, except Gravataí 347 
(a background site). This cluster depicts the strong influence of wind direction, rather than wind velocity. 348 
Thus, revealing that the pollutant originating from fixed and mobile sources on the sites is stronger 349 
affected by WD. This relationship between the measurement variables was also found on other studies 350 
(Mouzourides et al. 2015). The above results suggest a study of the effect of wind direction on SO2 351 
concentrations as a next step. As a result, Chi-square test was applied in order to analyze this finding.  352 
 353 
Table 4. PCA results for the meteorological variables and criteria pollutants 354 
Variable 
GRAVATAÍ 
  
CANOAS 
  
ESTEIO 
  
CHARQUEADAS 
  
TRIUNFO 
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 
SO2  
-
0,016 
0,009 0,971   
-
0,004 
0,006 0,800   0,233 0,083 0,784   0,218 
-
0,017 
-
0,683 
  0,147 
-
0,322 
-
0,600 
AT 0,55 
-
0,708 
-
0,093 
  0,631 
-
0,672 
-
0,018 
  0,61 
-
0,689 
0,014   0,767 
-
0,203 
-
0,178 
  0,775 
-
0,143 
-
0,200 
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RH 
-
0,876 
0,169 0,036   
-
0,886 
0,11 
-
0,133 
  
-
0,885 
0,12 0,042   
-
0,889 
-
0,042 
0,057   
-
0,892 
-
0,024 
0,030 
SR 0,873 
-
0,177 
-
0,016 
  0,866 
-
0,089 
0,134   0,861 
-
0,112 
-
0,076 
  0,765 0,055 
-
0,126 
  0,761 0,035 
-
0,053 
AP 0,119 0,925 
-
0,051 
  0 0,966 
-
0,027 
  -0,01 0,946 0,001   0,022 0,978 
-
0,047 
  0,044 0,928 
-
0,018 
WV 0,616 0,119 0,122   0,669 
-
0,016 
-
0,007 
  0,661 
-
0,025 
0,048   0,603 0,163 0,321   0,596 0,108 0,339 
WD 0,214 
-
0,212 
0,2   0,138 
-
0,025 
0,705   0,282 0,089 
-
0,668 
  0,082 -0,06 0,757   0,045 
-
0,239 
0,796 
Note: AT: Ambient temperature; SR: Solar radiation; AP: Ambient pressure; WV: Wind velocity; WD: 355 
Wind direction; RH: Relative humidity; in bold = numbers whose absolute value is above 0.5 hence 356 
indicating significance. 357 
 358 
Chi-square test (adjusted residuals)  359 
As explained above, a Chi-square test (adjusted residuals) was performed in order to analyze the 360 
correlation between SO2 concentration values and WD quadrant, for all studied sites (negative association 361 
for values less than -1.96 and positive for values higher than 1.96) (Table 5). Chi-square test will better 362 
identify the origin of SO2 sources. The test showed that in the Gravatai site, despite showing no 363 
significant SO2 influence, the highest concentrations of this pollutant were predominantly in the SE 364 
sector, probably due to the contribution of SO2 originated from Pirelli (manufacture of tires) and GM 365 
(automobile production).  For Esteio site, the highest concentrations (>10 µg∙m-3) showed a higher 366 
correlation with the SE sector, too, confirming the possible influence of the REFAP Oil Refinery; 367 
whereas lower concentrations (< 5 µg∙m-3) were better correlated with the SW, W and NW sectors, 368 
indicating a slight influence of the BR-116 highway that may emit lower levels of SO2. Canoas site 369 
results revealed that the higher concentrations of SO2 (>10 µg m-3) correlated with NW; possibly due to 370 
the influence of local stationary sources (REFAP Oil Refinery). Lower SO2 concentrations (<5 µg m-3) 371 
correlated well with the E, SE and S sectors, which could correspond to the influence of mobile sources 372 
of the urban areas, besides the influence of BR-116 highway. Charqueadas and Triunfo sites presented 373 
similar results, in which higher concentrations of SO2 (>10 µg m-3) were better correlated with E and SE 374 
sectors, possibly due to the contributions of the thermoelectric power plants. In contrast, smaller 375 
concentrations (between 5 and 10 µg m-3) of SO2 correlated with the NW sector, which could be 376 
explained by the nocturnal episodes, due to the circulation of terrestrial breezes, causing the return of 377 
pollutants emitted previously (during the occurrence of the sea breeze). Consequently, results verified the 378 
significance and influence of WD quadrant with SO2 concentration. These results confirm the association 379 
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of SO2 with clear spatial variations, with higher values observed at industrial and urban sites than at 380 
agricultural and rural sites (Pan et al. 2013). 381 
 382 
Table 5. Chi-square test (adjusted residuals) with correlations between the WD quadrants and the 383 
concentrations for all studied sites (negative association for values less than -1.96 and positive for values 384 
higher than 1.96). 385 
Counties 
 
Concentration 
(µg∙m-3) 
Quadrant 
N NE E SE S SW W NW 
Gravataí 0-5 0,7 0,1 2,0 -1,2 -2,1 -3,0 0,4 0,0 
 5-10 -0,5 0,1 -1,9 -2,5 1,6 2,6 2,1 1,2 
 10-30 -0,5 -0,2 -0,8 4,3 1,4 -2,3 -3,0 -1,1 
 30-50 -0,1 -0,3 -0,6 -0,7 -0,3 -0,2 2,8 -0,3 
 50-80 ** ** ** ** ** ** ** ** 
  >80 ** ** ** ** ** ** ** ** 
Esteio 0-5 0,9 -2,7 6,1 -12,1 -4,5 5,8 10,2 14,9 
 
5-10 1,6 3,5 0,1 5,1 1,0 -2,2 -3,6 -6,1 
 
10-30 -1,9 1,3 -5,9 17,4 3,9 -4,3 -8,9 -10,7 
 
30-50 -2,3 -1,8 -5,3 12,9 2,7 -3,6 -3,1 -7,3 
 
50-80 -0,5 -2,1 -2,3 9,6 1,4 -2,2 -3,2 -5,2 
  >80 -2,0 -0,1 -2,3 4,8 1,3 0,5 -2,0 -3,2 
Canoas 0-5 -10,0 -3,7 10,1 23,7 10,4 3,2 -5,7 -40,7 
 5-10 5,4 3,4 -4,6 -14,9 -7,0 -2,5 4,6 23,6 
 10-30 7,6 1,4 -7,7 -15,3 -6,1 -1,0 2,8 27,0 
 30-50 2,8 1,1 -4,0 -7,9 -3,2 -1,1 0,8 15,1 
 50-80 2,7 0,7 -3,2 -5,2 -2,2 -1,4 1,6 9,8 
  >80 1,6 -0,5 -3,4 -3,2 -2,0 -1,1 0,8 8,8 
Charqueadas 0-5 -0,7 1,4 3,2 0,5 -3,4 -2,9 3,6 -1,1 
 
5-10 0,5 -2,8 -10,7 -21,2 4,4 9,3 8,5 23,1 
 
10-30 0,7 0,9 -6,8 16,1 2,0 -2,6 -4,9 -13,2 
 
30-50 -1,2 1,9 16,3 3,5 -5,1 -4,9 -5,6 -6,8 
 
50-80 0,0 2,3 18,5 -0,1 -5,1 -4,5 -4,4 -5,3 
  >80 -1,4 5,4 19,4 -1,9 -4,3 -3,3 -4,8 -6,6 
Triunfo 0-5 -7,3 -4,8 -0,8 11,5 0,1 -1,1 -1,1 -10,5 
 
5-10 26,4 13,9 -7,4 -23,4 3,7 -1,8 -1,7 27,3 
 
10-30 -18,3 -8,9 6,1 10,8 -1,8 3,5 3,0 -16,3 
 
30-50 -1,4 -1,4 2,9 7,7 -5,2 -3,4 -2,1 -2,9 
 
50-80 -0,9 -1,3 2,5 5,9 -2,5 -2,8 -2,3 -3,3 
  >80 -0,6 1,7 2,9 2,0 -2,0 -1,8 -1,2 -1,6 
 386 
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Mann-Kendall Test – temporal analysis results 387 
The non-parametric Mann-Kendall test was used to verify the existence of a temporal trend in the levels 388 
of SO2 concentration (Table 6). The p-value indicates the probability of finding a more extreme value 389 
than that observed in the sample. When values of p-value lower than the significance levels adopted (α = 390 
0.05) are found, it indicates evidence of some tendency to modify the behavior of the analyzed series. 391 
Mostly in all sampling sites were found p-values lower than the level of significance 0.05, confirming the 392 
tendency to increase SO2 concentrations within time. The slopes indicate how concentrations have 393 
changed over time. 394 
Table 6. Mann-Kendall Test –temporal analysis results 395 
 
 
Sites Teste Mann-Kendall 
   S p-value   
 
Gravataí -0.138 2.22E-16 
 
 
Esteio +0.046 2.22E-16 
 
 
Canoas +0.008 3.30E-02 
 
 
Triunfo +0.665 2.22E-16 
  Charqueadas +0.291 2.22E-16   
 396 
In this study was observed a general increasing trend in hourly SO2 levels with time at all sampling sites, 397 
except Gravataí, a background site (Table 6). Among the studied stations, Gravataí was the only one that 398 
presented a temporal decrease in SO2 concentrations, with Slope of -0.138 that could be associated with 399 
an isolated increase occurring during a specific month (September/2015 showed exceptionally high 400 
averages). Esteio and Canoas presented a Slope of +0.046 and +0.008, respectively, indicating the 401 
existence of a temporal increase in SO2 levels for both seasons. In contrast to different countries around 402 
the world, the MAPA region shows a continuously increasing trend (Lu et al. 2011). Esteio presented 403 
higher slopes than Canoas due to their location downstream of the predominant wind in relation to 404 
REFAP at NW, whereas the latter is located upstream of the predominant wind direction at SE. Chi-405 
square test confirmed these results, by the association of the highest concentrations of Esteio in the SE 406 
quadrant (predominant). Consequently, air quality regulations and monitoring programs should be 407 
designed so that seasonal and temporal variations in air pollutant concentrations caused by weather 408 
conditions are taken into account (Lee et al. 2014). On the contrary, in Canoas the increase of SO2 409 
concentrations occurred when the winds were coming from the west/northwest. Triunfo and Charqueadas 410 
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sites S values were +0.665 and +0.291, respectively, revealing a temporal increase in SO2 concentrations, 411 
probably attributed to heavy influence of the emissions of local sources such as the Thermoelectric plant 412 
of Charqueadas (TERMOCHAR) near GERDAU AFP (Figure 1), associated with growing demand of the 413 
industrial activities of the region. Both sites are located downstream of the prevailing wind of 414 
TERMOCHAR (west-northwest), consequently the similar pattern and SO2 concentrations. These trends 415 
differ with other published trends in SO2 levels around the world, where concentrations are decreasing 416 
(Henschel et al. 2013). More scientific research is needed for supporting the policies that should closely 417 
be linked to reduction potential and costs that are, in turn, substantially linked with local industrial and 418 
economic structures (Kanada et al. 2013).  419 
 420 
Summary and Conclusions 421 
This study has identified the origin of SO2 emission sources using the Chi-Square Test (adjusted 422 
residuals), through correlations between WD quadrants and SO2 concentrations, despite the different local 423 
sources (refinery, thermoelectric plants, coal and fuel oil combustion, and traffic). The research, thus, has 424 
demonstrated the influence of different local emission sources in the region and meteorological 425 
conditions, including the rising trend of local emissions; except for Gravataí, a background site.  426 
Higher SO2 concentration during weekdays were observed, attributed to traffic emissions that usually 427 
occurs in the morning rush-hour and sometimes in  the evening. This SO2 variability levels during 428 
warm/cold and weekday/weekend periods was confirmed by the Kruskal-Wallis test, too. Esteio and 429 
Canoas results showed variations in SO2 levels for warm/cold and weekday/weekend periods. Moreover, 430 
for Charqueadas and Triunfo revealed just low variation in SO2 levels for warm/cold periods, although no 431 
SO2 variation for weekdays/weekend periods. This latter result probably evidenced the weak traffic 432 
influence in the study area for SO2 levels. 433 
Furthermore, Non-parametric Mann-Kendall test was used to identify trend changes in SO2 434 
concentrations at different sites. Results indicated an increasing trend at all sites, except for Gravatai, 435 
revealing that emission control strategies and technological improvements in the MAPA region have not 436 
made enough impact to control SO2 emissions. Local emission sources have experienced growth whereas 437 
the industrial production and vehicle number increased over the last years. Reduction in SO2 Gravataí 438 
levels, a background site, indicates that environmental concentrations are controlled, except in the 439 
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surrounding areas of industries and vehicle traffic highways.  However, the control of SO2 emissions 440 
remains a major challenge to improve air quality, especially in urban areas influenced by several local 441 
sources (fixed and mobile).  442 
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